Hydrophobic failure is a major obstacle faced in the application of electrowetting-on-dielectric (EWOD) for bio-detections. In this paper we study the failure mechanism of EWOD-based chemiluminescence detectors and propose a recovery method. The X-ray photoelectron spectroscopy (XPS) analysis reveals that the C-F bond breakage and C-O bond formation after the chemiluminescence reaction makes the Teflon surface hydrophilic. We design a recoverable EWOD device with an integrated heater. An experimental analysis confirms the recovery of the hydrophobic surface by heating the surface over 900 mW for 5 min.
lectrowetting-on-dielectric (EWOD) devices have broad applications in chemical and biological detection. [1] [2] [3] [4] [5] Chemiluminescence immuno-detection, one of the most important biological detection methods, has a high sensitivity and a wide linear range of detection. 6, 7) This mode of detection has been widely applied in the fields of food, 8) environment, 9) and clinical diagnosis. 10) Combined with EWOD, chemiluminescence detectors are portable and can be programed to be automated as well. 11) More importantly the combination of EWOD with chemiluminescence can help to reduce the consumption of expensive reagents and precious samples. 12, 13) However, the reliability of the EWOD device can be compromised when it becomes "permanently" hydrophilized after enzyme-based detection. This could be caused by the adsorption of proteins on Teflon surfaces which is detrimental to droplet transportation. [14] [15] [16] When the EWOD chip is immersed in silicone oil, the reagent droplets on the chip can be isolated from the Teflon surfaces. This will prevent any "enzymes contaminations" and "protein adsorption", which is the most common solution to the problem. [14] [15] [16] [17] [18] In addition to causing the transportation failure in the EWOD device, the hydrophilic surface also affects the strength of the chemiluminescence signal received by the photomultiplier, lowering its sensitivity, because only the ball-like droplet, which stays on the hydrophobic surface of EWOD, can focus the fluorescent to the photomultiplier by the shape of itself. 13) Therefore, solving the hydrophilization problem is critical to the reliability of the detection system.
In this paper, we study the hydrophobic failure of the EWOD surface after the chemiluminescence reaction (denoted as "reaction" later on). However, upon comparing our research results with other papers, [14] [15] [16] we find that the surface hydrophilization is related to the reaction intensity and can be fully reversed to hydrophobic by annealing. We design an EWOD device with an electrode for both heating and droplet controlling, which makes its Teflon surface recoverable. By X-ray photoelectron spectroscopy (XPS) analysis, we investigate the mechanism of the hydrophobic failure and recovery on our device.
A schematic of the chemiluminescence detection system is shown in Fig. 1(a) . The figure depicts an enzyme based chemiluminescence reaction. The transparent EWOD device mixes the reagents and carries out the reaction. The photomultiplier is placed below the EWOD device to detect the chemiluminescence signals.
The reaction is shown in Fig. 1(b) , where the enzyme used is horse-radish-peroxidase (HRP) and it is commonly used in immuno-detection. The reaction of H 2 O 2 and luminol is catalyzed by HRP and results in the emission of blue fluorescence, 19) which can be measured by the photomultiplier. Usually, 4-iodophenol (PIP) is also added as an enzyme cofactor to enhance the fluorescent light emission of luminol. 20) The recoverable single planar transparent EWOD device comprises of a layer of droplets controlling indium tin oxide (ITO) electrodes on a glass substrate, a Ta 2 O 5 dielectric layer, a Teflon µ AF 2400 hydrophobic layer on the surface of the chip. The electrodes pattern is shown in Fig. 2(a) . The central electrode can be used as a normal controlling electrode as well as a heater.
When pad1 and pad2 depicted in Fig. 2 (a) are both connected to the controlling signal or ground at the same time, the heater could be used as a typical EWOD controlling electrode. The four chemilumine scence reagents (H 2 O 2 , HRP, luminol, and PIP) can then be mixed together as shown in the reaction in Fig. 1(b) . After the reaction completes, the Teflon surface underneath the droplet becomes hydrophilic, as shown in Fig. 2(c) .
When the pad1 and pad2 are connected to the EWOD controlling signal (e.g., 30 V, 1 kHz) and the ground respectively, the heater can be used as a 1 k³ heating source. By washing the surface with de-ionized (DI) water, and then heating the EWOD device with the heater, the hydrophobicity of device surface can be recovered as shown in Fig. 2(d) , which is the same with the original Teflon surface shown in Fig. 2(b) .
Experiments were conducted to demonstrate and explain the Teflon surface hydrophobic failure in the chemilumine- scence detection, as shown in Fig. 3 . We kept the concentration of HRP (100 mg/L), luminol (2 mM) and PIP (5 mM) constant, and then mixed them with H 2 O 2 solutions of various concentrations, ranging from 0.25 to 20 mM. After the reaction, we cleaned the surface of the device with DI water and dried it with nitrogen airbrush. After this process, the contact angles (CAs) of the surface were measured with the drop shape analyzer Krüss DSA30. For study the recovery of the CA by heating, the recovered CA and the heating power was recorded by DSA30 and the IR thermometer TECMAN TM900, respectively. XPS was used to analyze the surface composition of Teflon before reaction, after reaction and after annealing recovery. We observe that higher the H 2 O 2 concentration is, the stronger the intensity of the reaction of H 2 O 2 and peroxidase is. We also find that the CA decrease linearly as the H 2 O 2 concentration increases, indicating that the surface of the Teflon becomes more hydrophilic. From the results, we can conclude that the degree/level of hydrophilicity is determined by the reaction intensity of H 2 O 2 and peroxidase, instead of enzyme contamination and protein adsorption in previous reports.
14-16) Figure 4 shows the characterization of the hydrophobic recovery of the recoverable EWOD chip. The recovered saturation CA is defined by the CA after 30 min heating with different heating powers. The recovered threshold time is the heating time at which the recovered CA reaches 0.707 times of the recovered saturation CA. Figure 4 (a) shows the relationship between the recovered CA and the heating time at different heating powers. We find that a higher power yields a larger recovered CA and a shorter heating threshold time. It also demonstrates that the CA can be fully recovered to the initial hydrophobicity (CA ¥ 120°) when the device is heated by 900 mW for 5 min. Figure 4 (b) demonstrates the recovered saturation CA and the recovered threshold time vs the heating temperature. The recovered saturation CA increases at a higher heating temperature. It is clear that the failure surface (CA < 90°) can be recovered at all heating temperatures. Since the enzymes and proteins cannot be decomposed at those heating temperatures, results in Fig. 4(b) also confirm that the surface hydrophilization after reaction is not caused by the protein adsorption. Further XPS analysis reveals the mechanism of the hydrophobic failure and recovery.
Teflon is a family of hydrophobic amorphous fluoropolymers based on copolymers of 2,2-bistrifluoromethyl-4,5-difluoro-1,3-dioxole (PDD), which is widely used in EWOD chip for droplet transportation. 21) According to the chemical structure of Teflon in Fig. 5(a) , 22) C, F, O are the three main elements to be analyzed. Figure 5 (b) shows the XPS spectra of the Teflon surface of our device before reaction, after reaction and after annealing recovery. It can be seen that the peak ratio of oxygen to fluoride after reaction is much higher than that before reaction, while it goes much lower after annealing recovery than after reaction, returning to its initial level before reaction. Figure 5 (c) shows the C 1s XPS spectra of the Teflon surface. The two strengthened peaks at 290.5 and 287.6 eV after reaction (both related to C-O bond) indicate that the number of C-O bonds increases after reaction. 23, 24) However, after the annealing recovery, the two peaks decline to a lower level as them before the reaction, while the number of F-C-F bond roses to its original level, which is critical for the hydrophobicity of Teflon.
From the analysis of all the XPS spectra, we conclude that the symmetric non-polar structure of C-F bonds on the Teflon surface is broken and the C-O bond forms after the reaction, which makes the hydrophobic fluorocarbons surface hydrophilic. 23) Annealing is an effective method to release the oxygen in C-O bond and to recover the hydrophobic property of Teflon after reaction.
In summary, we discover that the surface hydrophilization of EWOD device caused by the HRP enzymatic reaction is recoverable. The XPS analysis reveals that the failure is caused by C-F bond breakage and the C-O bond formation on the surface of Teflon after the chemiluminescence detection. We design an integrated heater on the EWOD device and propose a feasible annealing process. The CA can be fully recovered with a heating power over 900 mW for 5 min. 
